A design for a hydro-electric power plant by Pennebaker, Eugene Strode & Standish, Seymour
A  D E S I G N  F O R  A  H Y D R O - E L E C T R I C
P O W E R  P L A N T
BY
\X9~~ ..
i
E u g en e  St r o d e  P e n n e b a k e r
A N D
Se y m o u r  St a n d is h
THESIS
FO R  T H E
DEGREE OF BACHELOR OF SCIENCE
IN
C IV IL  E N G IN E E R IN G
C O LLE G E  OF E N G IN E E R IN G
U N I V B R S  IT Y O F  I L L I N O 1K
ffjtP R E S E N T E D  JUNE , 1910
UNIVERSITY OP ILLINOIS
COLLEGE OF ENGINEERING.
June 1, 1910
This is to certify that the thesis prepared in 
the Department of Municipal and Sanitary Engineering by 
EUGENE STRODE PENNEBAKER and SEYMOUR STANDISH entitled A 
Design of a Hydro-electric Power Plant is approved by me 
as fulfilling this part of the requirements for the degree 
of Bachelor of Science in Civil Engineering.
/ f l A j ' j a Z b r f r ________
-------Instructors ln^Charge
Approved: ________ ,
_________ ________________________________________________________
Professor of Municipal and Sanitary Engineering
Approved:
Professor- of Civil Engineering.
168954
TABLE OF CONTENTS
Page
I. Introduction 1
II. Estimate of Water Flow 4
III. Available Power 11
IV. Load Curves 13
V. Waterway, Storage to Regulating Reservoir 18
(a) Economic Gradient
(b) Economic Value of Saving One Foot of Head
(c) Economic Value of Total Head Saved in Any
Part of Plant
(d) Economic Size of Riveted Steel Siphon Pipe
No. 2
(e) Head Lost in Siphons No. 1 and No. 3 -
Dimensions of Siphon No. 2
VI. The Regulating Reservoir 36
VII. Units
(a) Choice of Units 40
(b) Selection of Turbines 42
(c) Arrangement of Turbines 42
~ ILLUSTRATIONS
Frontispiece - Location of Power Development
Page
Plate 1 - Run-off and Rainfall Compared 7
2 - Per Cent Run-off during Year 8
3 - Hydrograph 9
4 - Typical City Load Curve 16
ILLUSTRATIONS (Continued)
Page
Plate 5 - Probable Load Curve - Rapid City 17
6 - Profile of Waterway 21
7 - Cross-section of Flume 22
8 - Channel and Tunnel Sections 23
9 - Graphical Determination of Economical
Diameter and Velocity 29
10 - Profile of Siphon No. 2 33
11 - Design of Thirty-foot Span Truss 34
12 - Suggested Expansion Joint and Air Inlet 35
13 - Map of Proposed Power Site 38
Table 1 - Rainfall and Run-off Data
2 - Probable Required Power 14, 15


1A DESIGN FOR A HYDRO-ELECTRIC POWER PLANT
In undertaking the preparation of a thesis upon this 
subject, it has not been the intention of the writers to cover in 
detail the design of a hydro-electric power plant with a view to 
practical application and ultimate construction. Their object 
has rather been to secure such fundamental information as is ordi­
narily required in order to determine the available power, the 
probable power demand, and the type of hydraulic machinery and ar­
rangement of units best adapted to the particular conditions under 
consideration. The information contained in this paper will no 
doubt prove of small value as engineering literature, but the 
writers feel that the primary object of its preparation has been 
accomplished, and they have acquired a knowledge of the subject 
which they probably could not have secured in any other way.
Through the courtesy of Mr. W. H. Zimmerman, B.S., Univer­
sity of Illinois, 1894, now president of the W. H. Zimmerman Company, 
consulting engineers, Chicago, maps, profiles, and a preliminary 
report were secured, outlining a projected development of Rapid 
Creek, in the Black Hills, about seven miles west of Rapid City, 
South Dakota. This data with the aid of government topographic 
maps covering the region, and information contained in the annual 
reports of the Chief of the Weather Bureau, have enabled the 
writers, without a personal visit to the site, to work up a tenta­
tive design for a high head development of 476 feet generating 
about 2550 kilowatts at the switchboard, with a continuous flow 
of fifty second feet.
Rapid Creek rises in the western part of the Black Hills
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territory and flows in an easterly direction, leaving the Black 
Hills country after passing Rapid City, a point located on the 
Chicago & North Western , Chicago, Milwaukee & St. Paul, and the 
Missouri River &, Northern Railroads. The proposed power development 
is located about seven miles upstream from Rapid City.
Rapid Creek has a fall of nearly 1600 feet in a distance 
of about 28 miles, and it is proposed to utilize the 476 feet of 
this fall available at this installation in the development of 
approximately 3300 horsepower, on the basis of a continuous average 
flow of 50 cubic feet per second. Rapid Creek covers a drainage 
area of 330 square miles above the projected storage reservoir dam 
across the canon just east of Pactola, as shown on the location 
map. Most of the drainage area is located in United States Forest 
reserves and is covered with very fair timber. The only government 
stream flow records available are those covering the period from 
June, 1903 to December, 1906, during which time a gauging station 
was maintained at Rapid City. These records unfortunately cover 
a period in which the rainfall was the heaviest recorded since the 
establishment of the United States leather Station at Rapid City 
in 1881. They are therefore of small value in estimating the mini­
mum average flow. In order to maintain a continuous discharge of 
50 second feet, it will be necessary to construct a storage reser­
voir near Pactola with a capacity of about 100,000,000 cubic feet; 
the height of the dam is to be 30 feet.
The water is to be conveyed from the intake at the 
storage reservoir by flume, ditch, and tunnel, constructed on an 
average gradient of seven feet per mile, for a distance of seven 
and one-half miles, to the regulating reservoir, located on a
------------------------------------------------------------------------  ;
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plateau 476 feet above the creek. This reservoir is to have a 
capacity of 500,000 cubic feet. Prom this reservoir the supply is 
conveyed through steel penstocks under a net head of 476 feet to 
the turbines.
The probable power demand has been determined from data 
furnished in Mr. Zimmerman's report. The manufacturing enterprises 
and electric light and traction systems at Rapid City, which is a 
prosperous community of 5500 inhabitants, will furnish the most 
available ready market for power. The numerous mines and lumber 
mills in the vicinity of the development should also utilize a 
large proportion of the power developed, and a load curve has been 
worked up covering the probable daily demand. From this curve the 
number and size of the units required has been determined.
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ESTIMATE OP WINTER PLOW
Prom Plate 2 it is seen that the rainfall in the basin of 
Rapid Creek is greatest during the summer months, and follows the 
well-defined type of western prairie state rainfall distribution.
This is especially favorable to hydro-electric development for two 
reasons: first, the maximum rainfall occurs during the growing 
season, thus tending to equalize the runoff for the year; second, 
the maximum rainfall occurs during the summer months, and therefore 
in calculating the necessary storage capacity, the evaporation fac­
tor may be neglected. The demand upon the storage reservoir will be 
greatest during the winter months, when evaporation is negligible.
Plate 2 indicates that there is a larger per cent runoff 
during the winter. This appears at first glance to be true, but it
is not the case, in reality the majority of the runoff in winter is
due to ground water. In winter the precipitation affects the runoff, 
as does the mean monthly temperature, but neither of these factors
has as much influence as the ground water flow.
In estimating the winter flow, it was assumed that the run­
off was the result of two factors, one the ground water supply which 
we can readily believe diminishes throughout the winter at a certain 
rate, and the other the change caused by fluctuations in precipita­
tion. Considering no losses, an inch depth of rainfall in one month 
distributed over 410 square miles, if flowing off at a uniform rate 
for thirty days is equivalent to
_____ * - L
dtlQ *3? 3 ° X_J2____________ cvb/c -feet p e r  s e co n d
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Call this the theoretical runoff. This was computed for the hycD6- 
periodgrapn/so as to be comparable with the actual runoff. The per cent
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runoff was computed for each month during the period, and the aver- 
age per cent runoff for the four year period. These results have 
been plotted on Plates 1 and 2, and the following conclusions were 
drawn:
Plate 1. The period, October-November-December, 1903, for a 
constant rainfall, showed a drop of approximately eleven cubic feet 
per second per month in the mean runoff for the month.
Plate 2. The period, June-July-August, just after the heavy 
rainfall period when the ground was well saturated, showed very 
nearly a constant runoff of 16.1 per cent.
Assuming a constant drop of eleven feet per second per month 
during the period, December, 1905 to March, 1906, we may find the 
per cent influence of the theoretical rainfall as follows:
(Actual November runoff) —  (five months drop)+-R(^Changes in 
theoretical runoff)== Actual April runoff.
S /.3  + n Y -/ 3 9 7 H 4 7 + & 6 .+ 4 4 4 -Z & )  - t 7 f
/ r =  . / s '#  /
=  JS  y*
This is very close to the summer per cent of runoff. If we
assume the summer rate of 16.1 per cent and substitute in the above 
formula, we can determine the actual runoff drop.
3 1 3 -  S x P  + J6J f/397+/47+3.6
£ ) =  —  9 3  c i/ f r c  / e e f
Using the two values found, -  R=16.1 per cent , and D ='
bic feet per second, we may compute the winter runeff as below
Month Previous
Month
—  9.3 +16.1 x D Flow
1905 December 82.3 73.0 .161x*131.7=21.2 51.8
{ January 51.8 42.5 .161x+14.7=*2.4 44.9
1906 \
| February 44.9 35.6 .161X+86.0=13.9 49.5
1 March 49.5 40.2 .161x^44.0=71.5 111.7
1| April 111.7 102.4 .16lx-213=34 .3 
Actual = 67
68.1
.6
1904
January 41.0 31.7 • 161x+55.0 = 8.9 40.6
February 40.6 31.3
-m
.161x199.0=32.0 63.3
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AVAILABLE POWER
A study of the yearly rainfall totals at the bottom of 
Plate 3 will show that the average for the hydlbgraph period is 
three to four inches above the mean for 1893, 1894, and 1895, which 
period might be taken as a minimum. If then the average for the 
hydrograph period is 175 per cent of the average for the minimum 
period, it is practically impossible to determine available power from 
the hydrograph to any great degree of accuracy. In addition, since 
the low water period occurs during the winter, for which time most of 
the flow is estimated, an accurate determination of necessary storage 
capacity could not well be made.
It is reasonable to assume that during a minimum period 
the winter flow would be smaller than the measured flow, to a certain 
extent, and yet not greatly different from it. The average monthly 
rainfall diagram indicates that the maximum monthly rainfall occurs 
during the summer, which fact does away with any great danger of 
low water during that period. If a relative average flow, based on 
hydrograph average and minimum average periods, is assumed, the 
runoff for a future period would be taken care of in the summer by 
the maximum rainfall, and in the winter by the ground water.
This assumption was made, and the available continuous 
100supply computed as x 87.3 —  50 cubic feet per second. With
this flow, a reservoir capacity of 100,000,000cubic feet, available 
by the contruction of a 30 foot dam near Pactola, would be amply 
sufficient for low water periods on the hydrograph.
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It must be noted that the runoff records are very unsatis­
factory in regard to information concerning minimum flow, and 
consequently the reservoir capacity necessary must be estimated 
rather than computed. Under the above conditions it would be well 
to assume 50 cubic feet per second continuous flow, and to construct 
the plant on this basis leaving the development of more power until 
some future time, when sufficient low water records are available, 
and when the demand for power has outgrown the present supply of 
50 cubic feet per second.
LOAD CURVES 13
The load curve for this plant was determined as follows:
There are three classes of loads to be carried, city, 
factory, and mining. The city load curve was arrived at through 
the typical load curve for cities. The daily peak was estimated 
at 1200 horsepower. The factory load was assumed to last from 
7 AM to 12 noon, and from 1 PM to 6 PM. The mining load was taken 
as constant from 7:30 AM to 3:30 PM, this eight hour shift being 
assumed as continuous.
These three loads were tabulated and the results plotted. 
The winter load only was plotted, because of the existence of the 
more adverse conditions at that time of the year. Safety in winter 
would naturally insure safety in summer.
The line loss from the plant to the point of supply was 
assumed as ten per cent, as this is the economical loss. The winter 
load was therefore divided by 0.90 in each case in order to give the 
power required at the switchboard.
The capacity of the plant could be exceeded in contracting 
for power supply, in each of the three cases, to the extent of 
perhaps 150 per cent, but it was thought that the increase in each 
load would be about proportional, and therefore the resulting load 
curve would be about the same as given by the present load curve.
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WATERWAY PROM STORAGE RESERVOIR TO REGULATING RESERVOIR
The waterway conveying the supply from the intake and 
storage reservoir near Pactola, to the regulating reservoir on the 
plateau above the power house, will have a length of 39,652 feet, 
approximately seven and one half miles.
Mr. Zimmerman states in his report that about two and one- 
tenth miles of this waterway, extending eastwardly from the intake, 
was completed in 1908 for placer mining purposes, and will be 
available as a part of the projected waterway. The intake of this 
flume is located near Pactola at the site of the projected dam at 
the lower end of the proposed storage reservoir. It is constructed 
twelve feet wide and four feet deep and is protected with ample 
trash racks and provided with headgates. This flume continues, for 
a considerable distance, with a cross-section 8 feet wide by 4 feet 
deep; the lower section of 2000 feet, however, is reduced to 6 feet 
in width, and laid with a slope of between 8 and 9 feet per mile, 
which gives the flume a carrying capacity of 100 cubic feet per 
second, and a net safe working capacity of 80 cubic feet per second. 
This flume consists of about 5350 feet of box flume, 4100 feet of 
ditch, and 1600 feet of box flume carried on trestle.
The box flume is constructed with 4" x 6" sills, 4" x 6" 
posts and caps, 2" plank bottom, and 1*" sideboards. The flume 
proper rests upon three stringers, which are hewn on two sides and 
have 8M of timber between faces. The construction is substantial 
and workmanlike, according to Mr. Zimmerman's report, and gives 
little evidence of deterioration. The ditch work is of two sections, 
8 feet wide and 5 feet wide, respectively, on the bottom, with
1 : 1 side slopes, as stated, it is proposed to utilize this
.... .................... ............. ' ■ ■  = = = = = = = = = = ------ _  ......... - ............................. .........
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completed waterway and construct a waterway of similar dimensions 
from Station 1104-98, the end of the present flume, to Station 
396 4-52, the entrance to the regulating reservoir. Three sections 
will be used,- box flume on trestle, ditch in earth and rock, 
and tunnel, the dimensions of each of which are given on Plates 7 
and S . A  gradient of seven feet per mile, giving a minimum 
velocity of 5.6 feet per second through the box flume, 4.7 feet per 
second through the ditch, and 4.1 feet per second through the tun­
nel section, with the average flow of 80 cubic feet per second, 
was adopted as sufficient to carry the required supply in all 
seasons.
The velocity of flow and approximate depth of flow of 
water in the sections were computed from Rutter’s formula with 
the aid of Church’s " Diagrams of Mean Velocity of Uniform Motion 
of Water in Open Channels", as follows:
s=slope ( 7 feet per mile ) 1.325 per 1000
n=.C12 , coefficient of roughness in use in Rutter's formula 
covering flow over unplaned timber evenly laid and 
continuous. >
n =.017 , coefficient of roughness in use in Rutter’s formuls 
covering flow in ditch lined with rubble concrete
A — Area of cross-section of flow
p = wetted perimeter
R = hydraulic radius
v =  velocity in feet per second
(a) Box Flume on Trestle Q =  Discharge 80 cu.ft.per sec.
A- 2.37 x 6 - 14.22 sq. ft. s =  1.325 per 1000
p = 2  x 2.37-^-6 =  10.74 ft. - From Curves for n=.012
R =  — —  =  1.325 v= 5.6 ft. per sec.10.74
(b) Ditch in Earth, or Earth and Rock 
A - 5  x 2.3 +(2. 3)2
s=  1.325 per 1C00
= 16.79 sq. ft.
p = 5 4.6 From Curves for n =  .017
=  9.6 ft. v=4.7 ft. per sec.
9.6
1.75
(c) Section in Tunnel
A =  ( 6 x 2.5 ) +  4.08
*  19.08 sq. ft. s =  1.325 per 1000
p =  6.22 5
From Curves for n = .017
=11.22 ft.
v=4.1 ft. per sec.
r - 19*08
11.22
= 1.70
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THE ECONOMIC GRADIENT
The economic gradient for the waterway from the diverting 
dam to the regulating reservoir would not be the same for the 
different sections. For the tunnel it would probably be greater, 
and for the channel less, than the box flume gradient. However 
since a topographic map of the land on both sides of the located 
flume line was not available, and since a profile of a relocated 
line could not be made, a seven foot per mile slope was assumed 
continuously throughout the waterway.
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ECONOMICAL VALUE OP SAVING ONE FOOT OP HEAD
The economy of saving one foot of head was calculated as
follows:
Assuming 50 cubic feet per second average continuous flow 
with an efficiency through the turbine of 75 per cent,-
Power = Efficiency ( ^  )
8.8
= 0.75 1 x 50
' 8.8 )
= 4.26 Horsepower 
=4.26 x .746 Kilowatts 
=3.18 Kilowatts
Assuming the average value of $35.00 per year per kilowatt, 
the saving of one foot of head on this plant means a saving of 
3.18 x 35 = $111.50 per year .
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ECONOMIC SIZE OF RIVETED STEEL SIPHON PIPE NO. 2
To determine the economic size for riveted steel pipe 
in Siphon No. 2, the following assumptions were made:
(a) The cost of siphon varies directly as the square of the 
diameter.
(b) The cost of 4 ft. riveted steel siphon pipe in place has 
been estimated at |8.00 per foot. This was taken from
Mr. Zimmerman's estimate, and also from information contained 
in the bids for the New Bedford conduit, New Bedford, Con­
necticut, which was 4 feet in diameter and five-sixteenths 
inches in thickness.
These two assumptions determine the cost-diameter 
curve of Plate-3, which is simply a parabola.
y = kx2
^ _ S._ 8.00 x 750 _ 375
x2 16
y — 375 x2
The second curve, or the(lost head value)-(diameter) 
curve, was plotted for four diameters under the following assump­
tions ,-
1 v2Lost head = f x — x ~d 2g
f =( 16.04 ) 2  
c
Experiments on the riveted steel pipes in use in the 
Ogden, Utah, power plant indicate a value of c =100 for 
all ordinary velocities.
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In the original design of the Ogden plant, c =120 was 
used, hut a series of experiments made on these pipes some time after
the completion of the construction showed that a value of c — 100'
was very nearly correct for all ordinary conditions.
The (lost head value)- (diameter) curve was plotted for 
both the above vales of c and was calculated as follows,-
For c =120 (16. 
~ 1 1 2
04
120 - 0.0179
1=750 feet 
d =4 feet
2g=64.4 feet per sec2
v . a - * a 2 -
f - v d
4 x 80 
r x  16 6.37 feet per second
750 6372Lost head = 0.0179 x ----x ----4 64.4
= 2 1 .2  feet
21.2 feet @ $111.50 per foot — $2360.00
Capitalized = 25-°-- =  $39,300.00
0.06
The life of the steel pipe was assumed to be fifty 
years. 3 per cent compound interest for fifty years requires
$0.00886 per dollar * per year.
For 4 ft. pipe @ $6,000.00 there will be required each 
year, 6,000 x $0.00886 $53.16 . Capitalized at six per cent this
equals $890.00.
m m
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The total value of this lost head is $39,300 less $890, 
or $38,410.
The value of the depreciation capital was assumed to 
vary as the square of the diameter, since the total cost of siphon 
will vary as the square of the diameter.
Depreciation capital for 5 ft. pipe = 2 5 x $890
16
-$1400.
?5
The results were tabulated and plotted for both values
of C .
Size of Velocity Lost Value at Deprecia­ Total Valu<
Pipe ft./sec. Head
ft.
C=
6 % 
120
tion
Capital
Lost Head
4' -0" 6.37 2 1 .2 0 $39,000 $890 $38,110
5 '-0M 4.07 6.95 12,900 1400 11,500
5 ’-6“ 3.37 4.33 8,050 1670 6,380
6 ' -0** 2.83 2.79
Cs
. 5,180 
100
2000 3,180
4 '-0M 6.37 30.00 56,700 890 55,810
5'-O'* 4.07 1 0 .0 0 18,000 1400 17,200
5 ’-6* 3.37 6.24 11,600 1670 9,930
6 '-O’* 2.83 4.02 9,600 2000 7,600
It is evident from Plate that the economical size 
of pipe is either 60 or 66 inches, according to whether we use 
the value of C as 120 or 100.
Since the value of 100 was determined from actual 
experiments on large pipe at the Ogden plant, it would probably 
be advisable to recommend the 66 inch pipe as being the most 
economical.
-<|M
31
' HEAD LOST IN SIPHONS NO. 1 AND NO. 3
It is assumed that since the valleys to be spanned are 
similar in profile, that for the same economy in construction, the 
lost head will vary as the lengths of the siphon. Upon this assump­
tion, the lost head in Siphons No. 1 and No. 3 is roughly determined 
as follows:
( No. 1 , - 638 feet
Length of Siphons «( No. 2, - 750 do
( No. 3 , - 432 do
t
638Lost Head ( No. 1 ) = — “ x 6.25750
5.32
Lost Head ( No. 3 ) = 432
750
3.42
6.25
Siphon Pipe No. 2 - 
Diameter, - 6 6 inches 
Thickness,-
Rd - 2tES
2ES
R = .434 x 186 81 lb./sq.in.
d =  5-g- ft.
E =0.65
S — 12000 lb. per sq. in.
81 x 5.5 x 12 
2 x 0.65 x 12000
0.34 in., or 3/8 in. (approximately) 
Use t=3/8 inches
Velocity of Plow at 80 cu. ft. per sec.,
_ 4 x 80 
V x 30.25
= 3.38 cubic feet per second
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1 vLost head ~ f x — x —d 2g
= .0258 ! ISiSSi25.5 64.4
— 6.25 feet
It is recommended that the siphons be surrounded by a 
wooden box filled with some non-conducting material, in order to 
prevent the formation of ice in winter, during the night. It is 
possible that enough ice would form on the sides of the flume and 
siphons to cause a necessity of running the supply the entire 
twenty-four hours in order to average 50 cubic feet per second 
throughout the day, on account of the resulting diminished capacity 
of the waterway.

/ ’/ a f e -/ /
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THE REGULATING RESERVOIR
For reasons given in the design of Siphon Pipe No* 2, 
the regulating reservoir should be designed to handle the night load 
in winter, as well as to take care of an emergency peak load.
Assuming an emergency peak load of the total capacity of 
the plant occuring some time early in the morning when the average 
flow is about 9 cubic feet per second from the regulating reservoir, 
we would proceed as follows in order to determine the required 
capacity of this reservoir,-
The total length of the waterway from the storage 
reservoir to the regulating reservoir, is 39,652 feet, approximately, 
and is made up as follows:
18,731 feet box flume at 5.6 ft. per sec* 105,000
5,329 do ditch at 4.7 do 25,100
3,027 do tunnel at 4.1 do 12,450
1.820 do siphon at 4.0 do 7,280
28,907
£ .
Average Flow = 149*830
28,907
149,830
= 5.19 feet per second
Time required for flow from 
storage reservoir to regulating 
reservoir ..................... 28907
5.19
- 5560 seconds
= 1.59 hours
An additional flow of say 90 cubic feet per second for 
5560 seconds would require a capacity of 450,000 cubic feet. To 
handle the night supply with no flow in the flume would require an 
average of 9 cubic feet per second for 12 hours, or approximately 
390,000 cubic feet.
= = = = = =  — ■ ^  ;
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To fulfill these conditions it would be safe to assume a
capacity of 500,000 cubic feet. With a flow of 80 cubic feet per
second, the time required to fill the reservoir would be
5QQ t.QQQ ■= 1.74 hours 
80 x 3600
Figuring on this basis, if the reservoir ran all night
on an average continuous flow of 9 cubic feet per second, until
5 AM, it would still contain 500,000—  9 x 3600 x 10 =176,000 cubic
feetjto refill it with a flow of 80 cubic feet per second, the time
required is _ 1 , 1 2 hours. Under these conditions, the
80 x 3600
head gates at the storage reservoir should be opened daily at 5 AM .
£
i
M A P  5H OWING LO CATIO N
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UNITS
It is readily seen that during the day the power is 
practically constant, due to the mining and factory loads, while 
at night it follows the usual city load type, decreasing to a 
minimum at about 4 AM.
The choice of units was made with the following points in
view
1. The units should be the same capacity, if possible.
2. The units should be small enough to allow of an 
additional emergency unit, and yet not so small as to 
complicate the development, to increase the losses, 
and to increase the cost materially.
3. One unit should be able to take care of the night load.
Prom 7 PM to 7 AM a 650 KW generator would carry the 
load, there being a slight possibility of the unit having to carry 
a small overload either in the morning or evening. Pour 650 KW 
generators would carry the day load until 4 PM, when two working 
at overload could carry the 6 o'clock peak.
Pour units would be sufficient to carry the day load, 
while a fifth could be added for emergency. The advisability of 
adding this fifth generator was carefully considered. It was 
decided upon for the following reason :
A breakdown in one of the generators coming at 8 AM would 
cause the three remaining generators to work at overload for four 
hours. Generators should not carry an overload for more than one 
hour continuously, and carrying a 30 per cent overload for four 
hours would undoubtedly be poor economy.
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CHOICE OF UNITS FOR PLANT 
The power required at the switchboard for the maximum
load is 3320 horsepower. To get at the capacity the following
losses need consideration:-
Loss Efficiency Per Cent of
Per Cent Per Cent Theoretical
Penstock 5 95 95
Turbine Loss 15 85 80.7
Friction in Shaft 10 90 72.7
Generator 8 92 67.0
Step-up Transformer 4 96 64.3
Ratio of switch-board power to turbine-shaft power is 
79.7 per cent .
From the load curve the average night load is found to be 
595 horsepower. By running at the full capacity of one generator, 
three-fourths of the average flow of 50 cubic feet per second, or 
3 7 .5  cubic feet per second could be stored up for use during the 
day. This would amount to 87.5 cubic feet per second for the 12 
hour day. In addition to this we could save about one-fourth of 
this night flow, because the average load is about one-half the 
capacity, and this would be about 3 cubic feet per second, This 
could be applied on the day flow and thus give 90.5 cubic feet per 
second for the 12 hour day flow. There is, in addition to this 
saving, a saving in the afternoon from 4 PM to 7 PM, of about one- 
third of this 90.5 cubic feet per second, or 30 cubic feet per 
second for three hours. This could be distributed over the remain­
ing nine hours at the rate of 10 cubic feet per second.
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The total maximum flow would then be
90.5+ 10 =*100.5 cubic feet per second for 9 hours, 
from 7 AM to 4PM .
This would total as follows:
7 PM to 7 AM,- night - 12 hours at 9 cu. ft. per sec. 96
7 AM to 4 PM,- day - 9 hours at 100 cu. ft. per sec. 900
4 PM to 7 PM,- day - 3 hours at 60 cu. ft.per sec. 180
T o t a l ............. .1176
1176Average =---- - 49 cu. ft. per second24
Allow 1 cubic foot per second continuous flow for exciter 
unit. This makes a total required continuous flow of 50 cubic 
feet per second, which is the available average continuous flow.
If we assume four units, they should be proportioned 
so as to carry one-fourth of the maiimum load each. This would
mean, at a head of 476 feet, a discharge of 24.5 cubic feet per
t 476 x 24.5 )secondhand a power of 
the turbine shaft.
8.8
x .807 - 1070 horsepower at
The power delivered at the switchboard would be
(_1§^.J*76_) x ^ 4 3  -r 3415 horsepower
8.8
Maximum required =  3320 do
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SELECTION OF TURBINES
We would strongly advise the use of the reaction turbine 
for this plant. The load curve is steady and the few fluctuations 
are decided and easily taken care of by the use of the four units. 
The only case in which the effect of using the reaction turbine 
is bad, is at night when it operates for the largest part of the 
time at part gate. It is found, however, that although this part 
gate efficiency is low it would average about 75 per cent, and in 
this case would save a flow of about 3 cubic feet per second for 
distribution on the day supply. The additional saving that could 
be made by the higher efficiency of the tangential wheel at part 
gate would not be sufficient to warrant its adoption.
It is also found that the relative efficiencies of the 
reaction and tangential*- types would warrant the adoption of the 
reaction turbine for any head within its limit. As the reaction 
turbine has been used in several instances under a 500 foot head, 
and in one case under a 550 foot head, we feel justified in 
recommending a plant of five generating units of the above-mentioned 
type, and one exciter unit equipped with a tangential wheel.
4 Reaction Turbines at 1070 horsepower 4280 horsepower 
1 Emergency Reaction Turbine at 1070 do 1070 do
1 Exciter Unit (Tangential Wheel) at 85 do 85 do
These turbines should be arranged as single discharge, 
direct-connected, horizontal shaft machines, one per 650 KW gener­
ator. It was deemed inadvisable to attempt to connect more than 
one unit on a shaft because of the difficulty in speed control.
With this arrangement, an emergency unit i3 provided for 
in case of a breakdown, and one unit could carry the night load.
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In addition to these five units, there should be an exciter 
unit driven by a tangential wheel. At high speeds a fair value for 
the percentage of total capacity required for the exciter unit is 
two per cent. ( Electrical Engineers1 Handbook- McGraw ) Assuming 
this value, the capacity of the exciter should be 4280 x .02 =85 HP .
The discharge required for full maximum load would then be,
Qhsince HP=(g *Q) E ,
8 .8 . x HPQ = ---------H x E
_ Q«0 x 85 
476 x .80
= 2 cubic feet per second
Since we have allowed one cubic foot per second continu­
ous flow for the exciter unit, which is the equivalent of two pwr 
cent of the total supply, we could use at time of maximum load 
two cubic feet out of 1 0 0, which is the quantity required.
For the purpose of maintaining continuous service, we 
would suggest the installation of two exciter units, so arranged as 
to be alternately fed from the same penstock. This additional 
exciter, in connection with the additional generator, would practic­
ally insure continuous service.
We would advise the construction of six penstocks; five 
of these should be of a capacity of 24.5 cubic feet per second to 
supply the five 1070 horsepower turbines, and one of 2 cubic feet 
per second capacity to supply the tangential wheel.
Each of these penstocks should be fitted with air in­
lets, relief valves, expansion joints at the masonry, and anchorages.
